The direct I-type transitions of H l3 C ,4 N l6 0 in the vibrational states (i^i's) = (01) and (03) were measured in the frequency range from 18 to 40 GHz. These transitions show a nuclear quadrupole hyperfine structure caused by the l4 N nucleus, which could partially be resolved at Doppler-limited resolution. The analogous transitions of the parent species. H l2 C l4 N 16 0, were remeasured. They displayed a very similar hyperfine structure, also partially resolved. The hyperfine patterns of both H l2 C l4 N l6 0 and H 13 C 14 N 16 0 were analysed by means of contour fitting s to the absorption profiles. The parameter l^eQq, which is responsible for the splittings, is determined to be 645(20) kHz for the vibrational state (01) and 890(44) (HCN bending) is discussed as another consequence of the quasilinearity of fulminic acid, in view of the fact that the analogous transitions for the vibrational state (10) (NCO bending) do not split or even show a significant line broadening at the resolution used for the present measurements.
The direct I-type transitions of H l3 C ,4 N l6 0 in the vibrational states (i^i's) = (01) and (03) were measured in the frequency range from 18 to 40 GHz. These transitions show a nuclear quadrupole hyperfine structure caused by the l4 N nucleus, which could partially be resolved at Doppler-limited resolution. The analogous transitions of the parent species. H l2 C l4 N 16 0, were remeasured. They displayed a very similar hyperfine structure, also partially resolved. The hyperfine patterns of both H l2 C l4 N l6 0 and H 13 C 14 N 16 0 were analysed by means of contour fitting s to the absorption profiles. The parameter l^eQq, which is responsible for the splittings, is determined to be 645 (20) 
Introduction
The direct /-type transitions of the parent species of fulminic acid, H L2 C L4 N l6 0, were measured by Winnewisser and Bodenseh [1] in the vibrational state OV5) = (01) and by Bodenseh and Winnewisser [2] in the vibrational state (03) in 1967 and 1969, respectively. The quantum numbers v\. e 2 , and were zero for all vibrational states considered in those papers and were therefore omitted in the designation of the states. The measurement technique at that time did not allow the detection of a hyperfine splitting of these transitions caused by the nuclear quadrupole moment of the i4 N nucleus. Hüttner et al. [3] analyzed the hyperfine structure of the pure rotational transitions (10) do not show any hyperfine splitting within Doppler resolution for both isotopic species. These transitions were already published in previous analyses [1, 7] ,
The splitting of direct /-type transitions in excited states of the quasilinear bending mode is dominated by the constant i^eQq, which is the product of the nuclear quadrupole coupling constant eQq and the asymmetry parameter //5. The asymmetry of the nuclear quadrupole coupling tensor is induced by the ex-0932-0784 / 96 / 0300-219 S 06.00 © -Verlag der Zeitschrift für Naturforschung, D-72072 Tübingen citation of the 7/5. The analogous product ifceQq was determined for H I2 C I4 N in several studies [4, [8] [9] [10] .
The best value of this constant, lfceQq = 392 (5) 
Experimental Details
Both HCNO samples were produced according to the efficient synthesis published by Wentrup et al. [13] by gas-phase pyrolysis of 3-phenyl-4-oximino-isoxazol-5(4H)-one. The precursor for the H | , C I4 N I(S 0 isotopomer was prepared by a modified synthesis according to Wilmes and Winnewisser [14] , starting with isotopically enriched ' 1 CH;,COONa (99 % l3 C).
The spectra were recorded using a Starkeffect spectrometer (Hewlett-Packard 8560A Microwave Rotational Resonance Spectrometer) employing square-wave Stark-modulation at 33.3 kHz modulation frequency. For all measurements of the direct /-type transitions we used an electric field strength of 3600-4000 V/cm. A continuous-flow system with a dynamic pressure of approximately 1-2 Pa was established, since the lifetime of the HCNO sample in the metal waveguide cell was only T\ji < 2 min. This continuous flow turned out to be essential for the observation of the hyperfine splitting, because this was the only practical way to achieve sample pressures low enough to observe the transitions with nearly Dopplerlimited linewidth and without an observable decrease of the sample concentration during the measurement of one transition.
The spectra from the Stark-effect spectrometer, registered by a chart recorder, were digitized in order to allow a detailed analysis of the observed doublets by contour fitting. Using this fitting procedure it was possible to determine the hypothetical center frequency of each doublet with a relative precision better than l kHz, while their absolute errors are limited to the instrumental precision. The absolute experimental errors for all lines in this region can be estimated to range from ±10kHz to ±20kHz, depending on the signal-to-noise ratio. The relative errors within one observed multiplet are in all cases smaller than 1 kHz.
Theory
In the case of H l2 C l4 N l6 0 and H l3 C 14 N 16 0 the most important contribution to the nuclear hyperfine splitting of the rovibrational energy levels is the coupling with the nuclear electric quadrupole moment of the l4 N-nucleus.
The quadrupole energy EQ within the framework of a linear molecule given by Javan [15] and Radford and Kurtz [4] is
where f(I.J.F) represents Casimir's function. The constant eQq is the nuclear electric quadrupole coupling constant in frequency units. The constant // is only used for the |/| = 1 levels. It describes the anisotropy of the molecular electric field gradient caused by a bending vibration of a linear molecule. Following the convention of Radford and Kurtz [4] , the positive (negative) sign in (1) stands for the e(f) levels. The formula is identical to that describing a "slightly asymmetric prolate rotor" with an asymmetry parameter = 0. With a nuclear spin quantum number I = I for the U N nucleus and F = J + I. J + / -1 | J -I\, this leads to a splitting of each rovibrational level into three sublevels with F = J. J ± 1 (except for unsplit levels with J = 0).
In addition there are small perturbations of all energy levels due to spin-rotation interactions of H. I3 C and i4 N atoms, from which the most significant contribution is due to the nitrogen atom. All these effects are neglected here, because the resolution of the present measurements is not high enough to allow the analysis even of the strongest of these minor effects and because there are no experimental data on these interactions available for HCNO isotopomers which could have been used in the present analysis. Using the assumption of no additional spin-rotation interactions and the fact that for the direct /-type transitions considered here J' equals J", the frequency shifts v of the quadrupole components relative to a hypothetical center frequency of a direct /-type transition (assuming that the e level is the lower one, which is true for both species considered) are given by
If one considers the theoretical relative intensities for the allowed hyperfine components with AF = 0. ±1, only the AF = A.J = 0 transitions will remain strong when .7 increases. In addition, the relative intensities of these strong components become more and more equal with increasing ./. The formulae to calculate these relative intensities can be found in the standard text books given in [ 16, 17] and are not repeated here.
The lowest .7 value of the measured transitions presented in this paper is 18. This leads to relative intensities of the AF = ± 1 transitions of less than 0.4 % of the intensity of the weakest of the three AF = 0 components and this percentage still decreases with increasing .7. In the present measurements it was impossible to detect these weak AF = ±1 hyperfine components. As a consequence of these intensity considerations, three components with approximately the same intensity have to be expected while the three AF = ± 1 components are to weak to be observed. If one concentrates on the three AF = 0 components (F' = F"), (2) simplifies considerably and the transition frequency v of each component is given by
where v c is the hypothetical center frequency of the hyperfine multiplet. Unfortunately the constants //and eQq cannot be determined at the same time using only the information from the splitting of the direct /-type transitions. In order to obtain the necessary additional information, the analysis of the hyperfine structure of the pure rotational transitions in the same vibrational states would be required. The most important transitions for getting this information are the .7 = 2 -1 transitions in the substates (01) 
Data Analysis
In order to adjust the center frequencies u c and the constants q$eQq, the analysis of the observed spectra was performed by a nonlinear least-squares contour fitting routine which has been developed under the computer algebra system Mathematica l This fitting routine adjusts the center frequency u c of a multiplet, the splitting parameter i^eQq, the linewidth, an intensity scaling factor and a baseline offset, using the well known Levenberg-Marquardt method. A Gaussian lineshape function was assumed for each of the three strong components defined by (3) for the transitions in the vibrational states (01) for both HCNO isotopomers. This was appropriate, because the observed linewidth was only slightly larger than the expected Doppler width. In the case of the weaker transitions arising from the less populated vibrational state (03). it was necessary to use a higher sample pressure to achieve sample concentrations high enough to obtain a satisfactory signal-to-noise ratio. Since this procedure lead to considerably pressure broadened lines, we assumed a Lorentzian lineshape function for these transitions. Figure 1 gives an example of the result of the fitting procedure for the J - 25 25 transition In this particular case a Lorentzian lineshape function was used. In each case it was possible to calculate the unperturbed center frequency u c with an error of much less than 1 kHz, which is the same order of magnitude as the expected relative frequency precision of the measurements. The absolute error of the center frequency (and of the calculated frequencies for each hyperfine component), however, can be estimated to be approximately ±10 kHz for absorption lines arising in the vibrational state (01) and ±20 kHz in the vibrational state (03).
The values of i^eQq obtained for all the multiplets of a given species and a given vibrational state were averaged, because a significant .7 dependence could not be observed within the standard deviation. The resulting values are given in Table 1 . The standard deviation of the averaged l^eQq constants is found to be between ±10 and ±22 kHz, although this constant could be determined with errors smaller than 1 kHz for each analyzed multiplet. This may be attributed to the facts that two of the components in the line profiles are very close together and the lineshape functions used in the fitting procedure were not fully appropriate. For a significant improvement of the values for the lfteQq constant it will be necessary to obtain spectra at sub-Doppler resolution (10 kHz or better) which would at least partially resolve the high and low F components (see Figs. 1 and 2 ). All measured and calculated transition frequencies for both species of HCNO in the vibrational states (01) and (03) are listed in Tables 2-5 . These tables also present the relative intensities of the three observable nuclear quadrupole components, calculated and used as fixed values in the contour fitting procedure.
Discussion
The use of a continuous flow system, which enabled us to observe the lines nearly at Doppler linewidth, may be one reason why the hyperfine structure of the transitions of H 12 C l4 N 16 0 could be observed in the present work, but could not be detected in the older work [1, 2] . Winnewisser and Bodenseh had not enough sample for a continuous-flow system because the synthesis according to Wentrup et al. [13] , which enabled us to produce HCNO samples with very high Table 4 . Observed direct /-type transitions of H l3 C l4 N l6 0 in the vibrational state (tuvs) = (01). yield, was not yet known at that time. A second point may be that Winnewisser and Bodenseh used a sinewave Stark-modulation at 100 kHz 118], which causes an additional modulation broadening which may have hidden the nuclear quadrupole hyperfine structure. A third, and maybe the most important point, could be that they did not observe a splitting because at that time it was not expected and was therefore not sought.
The unexpectedly large value of the constant ifceQq for fulminic acid isotopomers containing l4 N may be interpreted as a consequence of the quasilinear structure of this molecule. The fact that there is no splitting of the direct /-type transitions in the excited states of the well-behaved CNO-bending mode shows that ifceQq is so small that the resulting splitting is smaller than the Doppler linewidth of the transition.
In order to determine the constant //5, the constants eQq have to be determined. This has not yet been done, since eQq for the ground state is so small that it could only be determined from the pure rotational transition .7=1-0 (which shows the largest splitting) at Doppler resolution. Since .7 = 2 1 is the lowest existing transition in the excited bending states considered here. sub-Doppler measurements of at least this transition will be necessary. An even higher resolution will be necessary to resolve the analogous hyperfine structure of the direct /-type transitions in excited vibrational states of 7/4 in order to determine lj+eQq.
If one assumes that eQq of H l2 C l4 N l6 0 and H l3 C l4 N 16 0 changes only slightly with increasing v5, which is true for H I2 C I4 N and H I3 C I4 N with increasing i~2 [5, 6] , //5 will have a value of approximately 2.5 for both species. This is extremely large compared to the value of ip_ = 0.08155 for H 12 C I4 N [10] . However. the sign of // is positive (in the framework of the convention that the positive sign in (1) belongs to the e levels) for both HCNO and HCN. which is consistent with the idea that the change in the symmetry of the electric field gradient at the 14 N nucleus has the same quality but an extremely different magnitude upon excitation of the HCN-bending mode in the two molecules. Since the absolute value of //5 describes the asymmetry of the gradient of the electric field at the l4 N nucleus, a large value indicates a large asymmetry. In other words, HCNO behaves "more bent" than HCN, which is consistent with other spectral data. Excitation of v5 changes the electronic structure in the environment of the 14 N nucleus. This change must be much greater for HCNO than for HCN, since the HCN-bending of HCNO is known to be a largeamplitude motion. This may be explained in terms of the simple atomic orbital picture by a significant change of the hybridisation of the atomic orbitals of the carbon atom from more or less sp to sp 2 , which clearly breaks the axial symmetry of the electronic field around the nitrogen atom. This change manifests itself in the magnitude of the //5 constant.
The assumption that eQq of HCNO varies only slightly with increasing can not be proved from the present data, but there is no hint in the literature that the pure rotational transition J = 2 1 in the vibrational state (01) shows a hyperfine splitting considerably larger than that of the vibrational ground state. However, the relative change of eQq with t'5 for H !2 C 14 N 16q and H l3 C l4 N 16 0 may be much larger than for H I2 C I4 N and H 13 C I4 N.
The center frequencies can be used in order to obtain the /-type doubling constants q v , q,.j, and q v jj as parameters of an effective Hamiltonian for linear molecules defined by Yamada et al. [ 19] . In the case of H l3 C l4 N 16 0 this was already done using weighted center frequencies for the observed doublets [7, 20] , The center frequencies obtained by the contour tits in this work do not differ from these preliminary values within the estimated absolute frequency errors of the measurements. Therefore the reanalysis did not change the values of the /-type doubling constants given in [7. 20] . For the parent species, the situation is quite similar. Previous papers dealing with the analysis of H 12 C 14 N 16 0 data related to the /-type doubling [21 -25] used the unresolved measurements of 11, 2], The center frequencies obtained in this paper do not really differ from the frequencies given there, but are more precise. A new analysis combining recent high resolution FT-IR spectra and rotational spectra of H l2 C 14 N 16 0 is in progress [26] and will use the center frequencies given in this paper. The higher precision of the center frequencies of the direct /-type transitions from this work, together with new and more precise IR data should reduce the errors for the /-type doubling constants for the parent species.
